Background: Detection of a "central vein sign" (CVS) on FLAIR* magnetic resonance imaging (MRI) is highly specific and sensitive for multiple sclerosis (MS). We evaluated the specificity and sensitivity of simplified CVS algorithms for MS diagnosis. Methods: MRIs from 10 participants with MS without additional comorbidities for MRI white matter abnormalities; 10 with MS and additional comorbidities for white matter abnormalities; 10 with migraine, white matter abnormalities, and no additional comorbidities; and 10 who had previously been erroneously diagnosed with MS were evaluated. 3T MRI T2-FLAIR and T2*-weighted sequences were acquired to create FLAIR* images. Three MS physician reviewers, blinded to diagnosis, evaluated two different algorithms: (1) three lesions pre-selected on FLAIR were subsequently evaluated for CVS on FLAIR*(select3). (2) FLAIR* was evaluated for up to three lesions with CVS (select3*). Results: For select3, average specificity across reviewers for MS was 0.98 and sensitivity 0.52 and a correct prediction of diagnosis demonstrated kappa = 0.29. For select3*, specificity was 0.81, sensitivity was 0.83, and kappa was 0.31. Conclusion: A simplified determination of CVS in three white matter lesions on 3T FLAIR* MRI demonstrated good specificity and sensitivity and fair inter-rater reliability for a diagnosis of MS and with further study, may be a candidate for clinical application.
Introduction
The diagnosis of multiple sclerosis (MS) relies on the interpretation of clinical and radiographic data. 1 MS diagnostic criteria have high specificity and sensitivity when applied in the setting of syndromes typical for demyelination. 2 Yet, misdiagnosis of MS is a persistent problem that results in unnecessary medical risk and morbidity. [3] [4] [5] Development of magnetic resonance imaging (MRI) criteria has facilitated earlier diagnosis, 2 but their specificity is diminished when applied in patients presenting with clinical syndromes atypical for demyelination. 2 Overreliance on the presence of abnormalities satisfying MS MRI criteria in patients with nonspecific or atypical clinical syndromes likely contributes frequently to misdiagnosis. 3 New imaging techniques, such as the recently described "central vein sign" (CVS), 6, 7 may improve the MRI differentiation of MS from other disorders. Several imaging techniques have been used for CVS detection, 8 and various criteria have been proposed. [9] [10] [11] The North American Imaging in Multiple Sclerosis (NAIMS) Cooperative recently published consensus recommendations for evaluation of CVS. 12 Most previous studies have differentiated MS and non-MS populations based on the proportion of total lesions per MRI scan demonstrating CVS, 6 ,9 a method impractical for clinical application, whereas few studies have evaluated algorithms assessing for CVS in a limited number of lesions per person. 7, 11 In a previous pilot study performed prior to NAIMS consensus recommendations, 11 a method evaluating three lesions for CVS (select3) differentiated 10 participants with MS from 10 with migraine and white matter abnormalities when tested by a single rater. Here, this prior cohort was enlarged to 40 study participants, and both select3 and an additional simplified algorithm (select3*) were tested by three raters from three different institutions.
Methods
The study was approved by the University of Vermont Institutional Review Board. Written informed consent was obtained from all participants.
In total, 40 participants, comprising four cohorts, participated in the study. These included (1) 10 with a diagnosis of MS by 2010 criteria and no history of a comorbidity that may also cause MRI white matter abnormalities ("MS"); (2) 10 with a diagnosis of MS by 2010 criteria and at least one additional comorbidity known to cause MRI white matter abnormalities ("MS+"); (3) 10 with a diagnosis of migraine and a previous history of an MRI with at least two white matter abnormalities in any location but no additional comorbidities known to cause white matter abnormalities ("migraine"); and (4) 10 who had been previously incorrectly diagnosed with MS, who did not meet 2010 diagnostic criteria, and in whom a variety of diagnoses had been identified to explain clinical and radiographic abnormalities mistaken for MS ("misdiagnosed"). Diagnoses in the MS and MS+ and misdiagnosed cohorts had been established after evaluation by a neurologist with MS subspecialty training. Diagnoses in the migraine cohort had been established after evaluation by a neurologist. For analysis, the "total MS cohort" was defined as MS and MS+ combined and the "non-MS cohort" as migraine and misdiagnosed combined.
T2-weighted FLAIR (1-mm isotropic resolution) and T2*-weighted segmented echo-planar imaging (0.55-mm isotropic resolution) 13 data were acquired on a 3T Philips dStream MRI with 32-channel head coil. A single-dose of gadopentetate dimeglumine (Magnevist) was injected manually, and acquisition of the T2* sequence followed immediately. FLAIR images were coregistered and re-sampled to the space of the T2* images using SPM8. The product of the voxel-wise signal intensities, FLAIR*, 14 was imported to a clinical image viewer to allow multiplanar reformatting.
NAIMS consensus recommendations 12 were used to identify candidate MRI lesions for CVS evaluation: discrete ovoid lesions were included and confluent lesions excluded. The NAIMS criteria were slightly modified to allow discrete ovoid lesions 3 mm or greater in at least one plane, rather than 3 mm in all planes as the latter is technically challenging to assess in routine practice. A "positive" CVS required visualization of the vessel in at least two perpendicular planes to assure it was "central"; lesions with multiple vessels were excluded.
All MRIs were coded and randomly ordered. Three trained neurologists (A.J.S., D.O., and M.A.), from three different institutions, all experienced in MS neuroimaging and blinded to the diagnosis in each case, served as reviewers for CVS evaluation. Two different algorithms assessing a limited number of lesions per subject were completed. The 40 MRI scans were re-ordered and re-numbered by a study collaborator (R.W.) before transmission to the reviewers for evaluation of the second algorithm, and a minimum of 26 days elapsed between reviews.
In the first algorithm-select3-reviewers identified three candidate lesions restricted to the subcortical or deep white matter on the FLAIR sequence. MRIs with <3 candidate lesions were excluded from evaluation. Only after selection of all three lesions on FLAIR was each of the three pre-selected lesions identified and evaluated on the FLAIR* sequence for CVS. If a lesion demonstrated more than one vessel on FLAIR*, it was excluded, and a new lesion was selected on FLAIR and then evaluated for CVS on FLAIR*. Select3 was first developed and evaluated in the MS and migraine cohorts in this study, and with a single CVS reviewer, as published in a prior study. 11 The second algorithm-select3*-was based on only evaluation of the FLAIR* sequence. Reviewers determined if there were at minimum three candidate lesions restricted to subcortical, deep white matter, and juxtacortical regions. Participant MRIs with <3 candidate lesions were excluded. Reviewers then determined whether at least three candidate lesions in these regions demonstrated CVS.
For select3, specificity was defined as the probability that scans from the non-MS cohort would have fewer than 3/3 or 2/3 pre-selected lesions demonstrating CVS. Sensitivity was defined as the probability that the MS cohort would have either 3/3 or 2/3 preselected lesions demonstrating CVS. For select3*, specificity was defined as the probability that reviewers were unable to identify at least two, or at least three, CVS+ lesions on FLAIR* in the non-MS cohort. Sensitivity was defined as the probability that up to two or three lesions with CVS were identified on FLAIR* in MS participants.
Since it was possible that there was not always agreement on whether there were three candidate lesions for inclusion for CVS evaluation, for the calculation of the average specificity and sensitivity across reviewers for each algorithm, any given MRI might be weighted from zero to three times. Inter-reviewer agreement (Cohen's kappa) was quantified based on the correct diagnosis rate per reviewer.
After select3 and select3* analysis was complete, a single reviewer blinded to diagnosis (A.J.S.) evaluated the FLAIR brain MRIs acquired for each study participant to determine whether 2010 MRI dissemination in space (DIS) criteria 1 were met.
Results

Cohort description
Baseline demographics are presented in Table 1 . There was no significant difference among the four cohorts for age (analysis of variance (ANOVA), p = 0.24). In the MS and MS+ cohorts, respectively, 8/10 and 9/10 participants were receiving diseasemodifying therapy (DMT) at the time of participation in the study. The comorbid conditions known to cause MRI white matter abnormalities in the MS+ cohort included: migraine (4), hypertension (3), hypertension and migraine (1), diabetes mellitus and migraine (1), and diabetes mellitus and hypertension (1) . In addition, 6/10 participants in this cohort had a comorbid history of tobacco use.
Mean duration of misdiagnosis in the misdiagnosed cohort was 9 years (median: 6). In this cohort, 5/10 had received DMT therapy for MS in the past. Cerebrospinal fluid (CSF) evaluation, including testing for elevation in intrathecal immunoglobulin G (IgG) production or oligoclonal bands, was normal in nine and had not been performed in the remaining participant. MRI of the whole spinal cord had been performed in 6/10 and was normal; only cervical spinal cord MRI had been performed in the remaining 4/10 and was normal in all cases.
The alternative diagnoses in the misdiagnosed cohort included migraine (8) , psychogenic disorder (4), trigeminal neuralgia (1), vitamin B12 deficiency (1), vertigo (1) , and transient numbness (1) . Diagnoses presumed responsible for abnormal brain MRI findings in this cohort included: migraine (8), smallvessel ischemic disease (SVID) due to hypertension (2) , SVID due to tobacco use (7), and vitamin B12 deficiency (1) . Of note, 6/10 of the participants in the misdiagnosed cohort had more than one clinical diagnosis and 6/10 had more than radiographic explanation for MRI abnormalities. Figure 1 depicts CVS in a lesion from one participant from each of the MS and MS+ cohorts with enlarged axial and sagittal views, and Figure 2 depicts candidate lesions without CVS in one participant from each of the migraine and misdiagnosed cohorts with enlarged axial and sagittal views. Table  2 presents average specificity and sensitivity for the two algorithms in the total MS and non-MS cohorts, and Table 3 presents similar data across the four cohorts considered separately.
Specificity and sensitivity
Per study methodology, MRIs with <3 candidate lesions in the pre-specified regions were excluded from CVS evaluation for both algorithms. For select3, in the total MS cohort, two MRIs were excluded by all three reviewers, two MRIs by two reviewers, and two MRIs by one reviewer. In the non-MS cohort, one MRI was excluded by two reviewers and one MRI by one reviewer. As a result, rather than the 20 MRIs from the total MS and non-MS cohorts having been reviewed once by each reviewer (i.e. 60 reviews per cohort), 48 reviews of MRIs from the total MS cohort and 57 reviews of MRIs from the total non-MS cohort were entered into the calculation of average specificity and sensitivity for MS diagnosis for the select3 algorithm.
For select3*, in the total MS cohort, one participant MRI was excluded by all three reviewers and two participant MRIs by two reviewers. In the non-MS cohort, one participant MRI was excluded by two reviewers and one MRI by one reviewer. As a result, MRIs in from the total MS cohort reviewed 53 times, and MRIs from the non-MS cohort reviewed 57 times, were used to calculate the average specificity and sensitivity for MS diagnosis for the select3* algorithm.
In sum, 13% of reviews for select3, and 8% of reviews for select3*, were excluded. For select3, per study methodology, the three reviewers excluded a total of 4, 7, and 11 lesions, respectively, due to the presence of multiple vessels on FLAIR*.
Inter-rater reliability evaluation
For the inter-reviewer reliability analysis, only MRIs evaluated for CVS by all three reviewers were included. For select3, this included 14 total MS and 18 non-MS participants; for select3*, 17 total MS and 18 non-MS participants. For select3, a correct prediction of diagnosis using 3/3 CVS lesions demonstrated Fulfillment of MRI DIS criteria based on review of brain MRI only, in the setting of identification of at least 3 lesions by select3* criteria, increased average specificity for MS from 0.81 to 0.86; average sensitivity did not change from 0.83. Fulfillment of DIS in addition to the identification of at least two lesions with CVS using select3* increased average 
Discussion
This pilot study demonstrated that the identification of CVS in only a limited number of MRI lesions provided good specificity and sensitivity for MS diagnosis. Our select3 and select3* algorithms, when performed by three raters at different institutions blinded to diagnosis, differentiated MS and non-MS patients with fair inter-rater reliability.
The select3 algorithm showed promise in a prior study 11 when performed by a single reviewer in the MS and migraine cohorts. These participants had a single diagnosis responsible for MRI white matter abnormalities. This study addressed whether addition of the MS+ and misdiagnosed cohorts, with multiple potential causes of MRI white matter abnormalities, might confound the specificity of CVS. To our surprise, using select3 criteria, the identification of 3/3 CVS+ lesions in the subcortical or deep white matter demonstrated excellent specificity for MS with moderate sensitivity, even in the enlarged cohort. Of note, when the criteria for MS diagnosis using this algorithm was broadened to identification of CVS in 2/3 lesions, sensitivity improved even further at the expense of only a small decrease in specificity.
Although select3 appears promising, selecting lesions on FLAIR sequences prior to evaluation for CVS on FLAIR*is time consuming and not compatible with typical clinical workflow where multiple imaging sequences are commonly viewed simultaneously. To improve clinical applicability, we developed the select3* algorithm and included juxtacortical lesions in an attempt to improve sensitivity compared to select3. Interestingly, select3* did not perform as well as select3. It is possible that the select3 method biased reviewers toward pre-selection of lesions on FLAIR with morphological characteristics typical of demyelination and thus likely to demonstrate CVS. Clinical application of select3 among non-MS specialist providers who may be less attentive to such characteristics might result in diminished performance. Furthermore, in several studies, non-MS populations have demonstrated CVS in up to 40% of total MRI lesions. 12 It is likely that select3 may have thus under-represented CVS in non-MS participants relative to select3*, since in the latter, every candidate lesion could be evaluated in the pre-specified regions until up to three with CVS were identified. Our select3* results are likely a more accurate reflection of how a limited assessment of lesions for CVS will perform if tested in a larger cohorts of patients. Future work might re-evaluate the select3 algorithm, but may also explore the effects of combining CVS assessment with stringent morphological criteria, perhaps in the context of a simultaneous assessment of FLAIR and FLAIR* sequences.
Ovoid infratentorial lesions are less common in non-MS populations with diagnoses causing supratentorial MRI abnormalities that might mimic MS, and the presence of infratentorial lesions often aids in confirming MS diagnosis. Thus, the select3 and select3* methods excluded infratentorial lesions in an attempt to best replicate a potential application of CVS with the highest probability of impact in clinical practice. We did evaluate infratentorial lesions separately for CVS in this study population; however, only 2/20 participants in the non-MS cohort, compared to 16 in the total MS cohort, had such candidate lesions, providing an inadequate sample size for analysis. Future work should test whether simply ascertaining the presence of an infratentorial lesion increases specificity for MS when added to a CVS algorithm.
Since the three reviewers may have selected and evaluated different lesions for the two algorithms, it was not possible with the current dataset to evaluate lesion-wise inter-reviewer reliability of CVS determination. Instead, assessment of inter-reviewer reliability was limited to diagnosis. Our kappa values showed fair agreement using 3/3 criteria for select3 CVS and in 3-lesion criteria for select3* and improvement in agreement when select3 criteria were expanded to 2/3 and in two-lesion criteria for select3*. The range of specificity and sensitivity for MS between reviewers demonstrated in Tables  2 and 3 also reflects this inter-reviewer variability. It is notable that the number of participant MRIs excluded for having <3 candidate lesions also varied by algorithm, possibly due to a training effect as select3 was performed prior to select3*. More extensive pre-study training in NAIMS criteria and CVS identification may improve inter-reviewer reliability.
Our methodology differed from prior 3T MRI limitedlesion assessments of CVS. 7 First, it is possible that the combined FLAIR* contrast 14 provides superior visualization of central veins compared to other techniques. 8, 12 Furthermore, unlike prior studies, our algorithms excluded periventricular lesions, confluent lesions, and lesions with multiple vessels from evaluation. Doing so may diminish the likelihood of error if CVS evaluation is transitioned to clinical application. Periventricular lesions are often confluent and typically demonstrate multiple vessels on T2*-weighted imaging, and both of these factors make it difficult to identify a true "central" vessel. Further study is needed to determine if exclusion of periventricular lesions improves diagnostic accuracy. Published limited-lesion methodology 7 also included evaluation for CVS in a higher number and proportion of lesions per participant than our algorithms; such a method is less practical for clinical application but has potentially better specificityalthough specificity was high with our methodology as well. Inclusion of three reviewers from three different institutions in this study may have provided a more realistic evaluation of the reliability of CVS evaluation for MS diagnosis.
There were limitations to this study. Several participants were excluded from some of the evaluations due to insufficient number of candidate lesions, and we expect that rendering a firm diagnosis in verylow-lesion-load cases will remain difficult even if CVS evaluation is fully implemented in clinical practice. Indeed, as identification of two lesions in specific regions in the setting of a syndrome typical for demyelination may be sufficient for a diagnosis of MS, 1 a requirement for ⩾3 ovoid lesions ⩾3 mm in diameter and within the restricted regions evaluated in select3 and select3* may limit maximal attainable sensitivity. Addition of MRI DIS criteria to select3* when 2/3 lesion demonstrate CVS may improve diagnostic accuracy for MS; however, may not improve specificity when <3 candidate lesions are identified. Of note, fulfillment of DIS was ascertained in this study without the availability of dedicated spinal cord imaging, and additional participant MRIs may have fulfilled DIS if such imaging was available. We also did not specifically assess the proportion of lesions meeting MRI DIS in each participant for the presence of CVS since previous data 3, 15 suggest that DIS may not be uniformly applied in practice, and its misapplication commonly contributes to misdiagnosis. Participants were also recruited from a convenience sample, and while migraine may be frequently mistaken for MS, 3, 4, 15 unlike the misdiagnosed cohort, participants in the migraine cohort were not suspected to have MS. As MS and migraine are more common in women, [16] [17] [18] fewer men participated in the study, limiting our ability to determine whether sex has an influence on CVS prevalence or determinationalthough there is no reason to suspect this might be the case. Finally, while CVS has demonstrated specificity for MS in a number of populations, 12 the non-MS cohort in this study did not represent the full breadth of disorders 19 that may be mistaken for MS.
In this study, evaluation of a limited number of MRI lesions for central veins on 3T MRI using FLAIR* differentiated participants with MS from participants with other causes of MRI white matter abnormalities. While CVS has shown promise for diagnosis of MS, developing such algorithms is a step toward clinical application. Evaluation in larger prospective cohorts undergoing evaluation for MS is needed, along with development of easily applied automated processing tools. If future studies continue to demonstrate promise for CVS as an imaging biomarker for MS, these methods might be incorporated into MS diagnostic criteria to improve the differentiation of MS from other disorders for which it is frequently mistaken.
